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INTRODUCTION 


i  nc  worn  covered  by  this  report  was  accomplished  at  tut-i  s  1 1  \.J  i 
Research  Laboratories  Division  under  Contract  AF  3  3(6  1  5)-  343  1 ,  during 
the  I  eriod  from  3  January  1966  to  3  April  1966.  This  work  is  being 
performed  under  the  sponsorship  of  Vnc  Air  Force  Aero  Propulsion 
Laboratory.  Research  and  Technology  Division,  Air  Force  Systems 
Command,  United  States  Air  Force. 

This  report  is  being  published  and  distributed  prior  to  Air  Force 
review  The  publication  of  this  report,  therefore,  does  not  constitute 
approval  by  the  Air  Force  ol  the  findings  or  conclusions  contained 
herein.  It  is  published  for  the  exchange  ana  stimulation  of  ideas. 

Foreign  announcement  and  distribution  of  this  report  is  not 

authorized. 

The  distribution  of  this  report  is  limited  because  it  contains 
technology  identifiable  with  items  on  the  strategic  embargo  lists 
excluded  from  export  or  re-export  under  U.S.  Export  Control  Act  of 
1949  (63  STAT  7),  as  amended  (50  U.S.C.  App.  2020-2031).  as  im¬ 
plement  ed  by  A FR  400-10. 
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SECTION  2 

PROGRAM  DEFINITION 

2.1  PROGRAM  OBJECTIVE 

This  program  is  intended  to  provide  the  technology  necessary  for 
the  integration  of  hydraulic/mechanical  interfaces  so  that  rotary  actu¬ 
ators  may  be  utilized  for  fast  response,  long  endurance  applications, 
such  as  vehicle  flight  control  surface  actuation.  This  is  an  exploratory 
program  for  the  investigation  of  a  unique  rotary  hydromechanical  actu¬ 
ator,  The  Bendix  DYNAVECTOR’’  Actuator' 

This  rotary  actuator  technology  will  be  demonstrated  by  the  fabri¬ 
cation  and  life  endurance  testing  of  an  Engineering  Model  DYNAVECTOR 
actuator  designed  to  meet  an  assumed  set  of  flight  test  performance  re¬ 
quirements  as  defined  in  Section  2.3. 

2.2  DEVELOPMENT  APPROACH 

2.2.1  Task  Definitions 

The  program  milestone  chart,  shown  in  Figure  2-1,  defines 
the  program  tasks  into  five  major  activities: 

®  Experimental  Model  Critical  Parameters  Evaluation 

•  DYNAVECTOR  Actuator  Demonstration  Mode, 

•  Experimental  Model  Design  and  Fabrication 

•  Experimental  Model  Performance  and  Life  Test 

•  Program  Direction  and  Reports 

Experimental  and  analytical  studies  will  be  conducted  in 
parallel,  to  achieve  the  objectives  of  the  program.  Early  development 
tests  v/ill  be  conducted  on  c:  ilical  components  to  obtain  confirmation 
of  the  parameters  established  for  the  design  of  the  Engineering  Model 


* 

Trademark  of  The  Bendix  Corporation. 

The  Bendix  Corporation  has  a  patent  application  pending  on  this  device. 
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Figure  2-1  -  Milestone  Schedule 


DYNAVECTOR  Actuator.  Primary  areas  of  investigation  will  include 
gear  strength  and  w^ar  characteristics,  motor  performance  factors, 
and  seal  and  bearing  characteristics.  Analytical  studies  paralleling 
the  experimental  tests  will  also  include  a  failure  mode  study  to  provide 
maximum  assurance  that  the  critical  design  parameters  will  be  recog¬ 
nized  early  in  the  design  effort.  The  results  of  the  component  develop¬ 
ment  tests  and  parameter  studies  will  be  utilized  .  ■>  conduct  a  critical 
design  review,  prior  to  initiation  of  the  fabrication  of  an  Experimental 
Model  of  the  servo  actuator.  Upon  completion  of  the  fabrication  of  the 
Experimental  Model,  preliminary  performance  evaluation  tests  will  be 
performed,  using  standard  MIL-H-5606  hydraulic.  fluid  und<-  room 
temperature  conditions.  When  the  performance  characteristics  are 
evaluated  and  considered  satisfactory,  the  actuator  will  be  tested  under 
the  specified  life  test  conditions  (Reference  Section  2.3.2)  using  Oronite 
Fluid  70. 


2.2.2  Technical  Approach 

The  DYNAVECTOR  actuator  is  an  integral  high  speed  motor 
and  high  ratio  transmission  without  high  velocity  mechanical  elements. 
The  major  components  of  the  DYNAVECTOR  actuator  assembly  consist 
of  a  series  of  displacement  chambers,  a  unique  integral  epicyclic  trans¬ 
mission,  and  commutation  porting.  The  transmission  and  motor  use 
elements  common  to  both,  resulting  in  a  much  simpler  and  more  reliable 
design. 

The  power  element  is  a  positive  displacement,  very  low 
inertia,  non-rotating  vane  motor.  Its  output  is  a  radial  force  vector 
that  rotates  at  high  speed  and  in  either  direction  of  rotation.  The  dis¬ 
placement  chambers  formed  by  the  vanes  and  the  housing  expand  and 
collapse  at  the  same  speed  as  the  force  vector,  but  do  not  rotate.  The 
motor  is  self-commutating  but  does  not  contain  a  rotating  porting  plate 
or  spindle.  The  absence  of  high  velocity  members  in  the  motor  sig¬ 
nificantly  reduces  the  inertia,  resulting  in  high  acceleration  capability. 

The  unique  epicyclic  transmission  converts  the  rotating 
force  vector  directly  into  low  speed,  high  torque  rotary  motion  without 
the  use  of  high  speed  mechanical  input  stages.  The  transmission  also 
has  zero  backlash  Without  using  preloaded  members. 

The  integration  of  the  power  element  and  epicyclic  trans¬ 
mission  into  an  integral  actuator  design  results  in  an  ideal  servo  actuator 
with  a  high  torque-to-inertia  ratio  and  high  constant  efficiencies  for  both 
small  and  rated  loads. 
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The  operation  of  the  DYNAVECTOR  motor  is  illustrated 
by  Figure  2-2.  The  basic  components  are  the  ring  gear,  the  ground  gear 
and  housing,  the  center  output  gear,  and  the  unique  vanes.  The  displace¬ 
ment  chambers  are  formed  between  the  ground  gear  and  the  ring  gear 
mesh  by  the  vanes.  'This  gear  mesh  provides  displacement  motion  with¬ 
out  rotation  because  both  gears  have  exactly  the  same  number  of  teeth. 

It  may  b  -  considered  as  a  loose  spline  but  is  a  true  involute  gear  mesh. 
The  internal  portion  of  the  ring  gear  forms  the  transmission  between 
the  motor  and  the  output  shaft  and  represents  the  epicyclic  transmission. 

A  force  vector  is  generated  by  pressurizing  three  adjacent 
displacement  chambers  and  venting  the  remaining  three.  The  vector  is 
made  to  rotate  by  pressurizing  a  vented  chamber  adjacent  to  the  original 


Figure  2-2  -  Basic  Pperation  and  Design  of  DYNAVECTOR  Actuator 
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three  pressurized  chambers  wtiile  simultaneously  venting  the  diametri¬ 
cally  opposite  one.  It'  the  force  vector  on  the  ring  gear  is  located  at 
approximately  90  degrees  to  the  ring  and  output  gear  contact  point,  the 
ring  gear  will  move,  causing  the  output  gear  tc  turn  and  the  contact 
point  to  move.  If  the  force  vector  is  also  rotated  and  remains  90  degrees 
to  the  contact  point,  the  motion  will  be  continuous  and  the  output  shaft 
will  turn  continuously  but  at  a  much  lower  speed  than  the  force  vector. 

The  ratio  will  be  determined  by  the  difference  in  number  of  teeth  be¬ 
tween  the  ring  gear  and  the  output  gear.  The  gears  in  Figure  2-2  have 
30  and  32  teeth;  thus,  the  reduction  ratio  is  15:1. 

The  available  differential  pressure  in  the  form  of  two  motor 
port  pressures  Fj  and  P2  must  be  commutated  to  the  proper  displacement 
chambers  to  produce  a  rotating  force  vector  in  phase  with  the  ring  gear 
motion.  To  ensure  that  this  phase  relationship  always  holds  true,  the 
motion  or  position  of  the  ring  gear  is  used  to  provide  this  commutation 
through  a  series  of  ports.  Each  displacement  chamber  Iras  a  pair  of 
supply  ports  or  a  Pj  and  P£  port  associated  with  it.  The  Pj  ports  are 
all  interconnected  in  the  housing  and  brought  out  to  a  single  inlet  port, 
as  are  all  the  P^  ports.  These  ports  are  in  the  housing  and,  therefore, 
stationary  with  respect  to  the  displacemen  chambers.  They  are  also 
located  under  tire  ring  gear  face,  as  shown  in  Figure  2-2. and  a  port 
connecting  the  displacement  chamber  to  the  ring  gear  face  is  located 
opposite  them. 

By  locating  these  Pj  and  Pi  ports  a=  shown  in  Figure  2-2, 
the  ring  gea;  ports  will  open  P,  ports  to  half  the  iisplacemcnt  chambers 
and  ports  to  the  remaining  half.  The  resulting  pressure  force  on  the 
ring  gear  fror.i  the  displacement  chambers  connected  to  Pj  is  180  degrees 
opposite  and  90  degrees  from  the  output  gear  contact  point.  Therefore, 
pressurizing  Pj  and  venting  "7  piobuees  rotation  in  one  direction,  whiie 
interchanging  pressure  and  return  reverses  the  motor.  This  also  satis¬ 
fies  the  desired  relationship  bt  tween  force  vector  and  ring  pear  position. 
Because  this  commutation  is  created  by  the  d;spla:ement  member  or 
ring  gear  itself,  it  will  always  rotate  in  phase  wi,h  the  motor,  producing 
maximum  efficiency. 

The  number  of  vanes  or  displacement  chambers  only  deter¬ 
mines  the  very  lev  speed  torque  ripple  present.  The  number  of  chambers 
need  not  be  odd  or  even  since  the  starting  torque  is  only  a  function  of  the 
force  vector  angle  which  varies  through  an  angle  equal  to  the  angle  in¬ 
cluded  by  one  displacement  chamber. 
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For  the  most  compact  motor,  vanes  are  used  to  form  the 
displacement  chamber.  However,  most  common  methods  used  in  fluid 
motors  may  be  applied.  Radial  pistons,  bellows,  flexible  diaphragms, 
etc.,  could  be  used  to  form  displacement  chambers  and  generate  the 
required  force  vector  from  applied  pressures. 

One  cf  the  primary  advantages  of  the  DYNAVF.CTCR 
actuator  is  the  potential  efficiency,  especially  outstanding  at  high  ratios. 
The  unique  ring  gear  transmits  the  load  reaction  forces  at  close  to  one- 
to-one  correspondence  to  ground  and,  therefore,  is  actually  an  output 
or  high  torque  member.  On  the  other  hand,  it  is  also  the  dynamic  member 
of  the  motor,  which  is  the  low  torque  component  of  the  system 

Two  other  factors  present  in  conventional  rotary  motor  plus 
transmission  systems  are  significantly  reduced  by  the  DYNAVECTOR 
actuator  design  and  operation.  The  relative  velocities  between  dynamic 
and  static  members  are  very  small,  because  of  the  small  amplitude 
epicyclic  motion.  In  a  DYNAVECTOR  actuator,  the  relative  velocity 
between  the  ring  gear  and  the  housing  is  only  a  function  of  the  eccentricity, 
which  is  usually  less  than  one-tenth  of  an  inch,  times  the  angular  velocity. 
Whereas,  in  a  conventional  motor,  there  are  usually  components  with  a 
radius  more  than  an  inch  rotating  at  the  same  angular  velocity.  This 
also  holds  true  for  the  transmission  which  does  not  have  the  conventional 
input  gear  running  at  high  pitch  line  velocities.  The  relative  velocities 
between  the  mt  suing  teeth  correspond  to  those  found  in  the  last  stage  of 
a  conventional  transmission. 

The  absence  of  high  relative  velocities  results  in: 

(1)  Friction  losses  at  high  motor  input  speeds  are  significantly 
reduced. 

(2)  Because  of  low  friction  losses,  high  mechanical  efficiencies 
can  be  obtained. 

(3)  Wear  is  greatly  reduced,  resulting  in  longer  life  of  the 
ac  tua tor . 

The  other  factor  significantly  reduced  is  the  actuator 
or  motor  inertia.  In  conventional  high  speed  motors,  the  motor  inertia 
resulting  from  significant  mass  rotating  at  high  angular  velocity  has 
always  limited  the  motor  acceleration  or  response  capabilities  The 
small  volumes  under  compression  have  generally  made  up  for  lack  of 
response  due  to  inertia  and  have  placed  ro'ary  servos  on  equal  terms 
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with  piston-cylinder  servos  having  very  little  inertia-  However,  the 
spring  rate  of  the  transmission  has  in  some  cases  presented  unwanted 
decoupling  between  the  load  inertia  and  the  motor  inertia,  resulting  in 
load  resonance.  The  problem  is  usually  solved  by  stiffening  the  trans¬ 
mission  at  the  expense  of  added  weight,  as  it  is  usually  the  load-carry ing 
output  members  that  are  too  weak. 

The  DYNAVECTOR  actuator  has  no  mass  rotating  at  input 
or  force  vector  speed  and  only  a  small  reflected  inertia,  due  to  the  small 
eccentric  rotation  of  the  ring  gear,  and  the  low  speed  output  shaft.  There- 
force,  it  has  an  inertia  equal  to  a  similar  capacity  piston-cylinder  actu¬ 
ator  and  a  volume  under  compression  equivalent  to  a  conventional  similar 
capacity  rotary  servo.  This  combination  results  in  a  servo  with  a  respons 
potential  many  tunes  that  obtained  by  present  day  systems. 

2.3  ACTUATOR  DESIGN  AND  TEST  REQUIREMENTS 

The  design  and  test  requirements  for  the  Experimental  Model 
actuator  as  specified  by  the  Air  Force  Aero  Propulsion  Laboratory  under 
Contract  AF  33(6  15)-343  1  are  defined  as  follows: 


2.3.1  General  Design  Requirements 

•  Actuator  Rate  The  actuator  output  rate  shall  be  30  degrees  per 

second. 

•  Hinge  Moment:  The  hinge  moment  shall  be  200,000 

•  Pressure:  The  actuator  shall  operate  with  pre 

from  a  4,000-psi  hydraulic  system. 

•  Actuator  Travel.  The  aclualur  travel  snail  be  *30  de 

•  Vibration:  The  operation  of  the  actuator  shall 

by  sustained  acceleration  forces  of 
directions . 

•  Temperature:  The  actuator  shall  be  designed  to  operate  in  a 

temperature  rnnge  of  -65°F  to  500°F. 

•  Fluid:  The  actuator  shall  operate  with  F-50  versilube 

or  its  equivalent. 


ir.  -lbs . 

ssure  received 

grees . 

be  unaffected 
10  g  1  s  in  all 


0  Leakage; 


0  Weight. 

0  Efficiency: 


«  Backlash: 


0  Li  ie : 


0  Lubrication: 


The  external  leakage  from  the  actuator  shall  be 
held  to  the  minimum  acceptable  for  aircraft 
actuators.  Designs  utilizing  hermetic  sealing 
and/or  dynamic  seals  at  low  surface  6p«eds  should 
be  considered. 

The  weight  shall  be  held  to  a  minimum,  consistent 
with  goed  aircraft  design  practice. 

An  efficiency  of  80  percent  or  better  is  desired  at 
maximum  design  conditions.  The  efficiency  snali 
be  defined  as  the  ratio  of  power  output  to  the  power 
input  to  the  actuator. 

The  actuator  design  shall  incorporate  methods  for 
achieving  zero  backlash. 

The  actuator  shall  be  designed  for  a  life  of  3000 
hours  with  a  duty  cycle  similar  to  that  specified 
in  the  1000-hour  life  test.  (Reference  Section  2.3.2 

All  parts  of  the  actuator  requiring  lubrication  shall 
utilize  the  working  fluid  for  lubrication.  An  excep¬ 
tion  to  this  may  be  made  for  those  parts  which  can 
be  dry-film  lubricated,  providing  that  such  dry  film 
does  not  need  io  be  re-applied  during  the  life  of  the 
actuator . 


2.3.2  Experimental  Evaluation  Requirements 

The  requirements  for  the  experimental  evaluation  of  the 
servo  actuator  Experimental  Model  consist  of  three  2.5-hour  thermal 
cycle  tests,  a  3-hour  room  ambient  tesi  and  a  1,000-hour  life  endurance 
test  consisting  cf  188  room  temperature  cycles  and  62  cycles  at  500°F. 

o  Thermal  Cycle  Test:  The  actuator  shall  be  operated  at  -65®F  for 

a  period  of  two  hours.  During  this  test  the 
actuator  shall  be  cycled  as  follows: 

(1)  The  output  travel  shall  be  ±30  degrees. 

(2)  The  travel  frequency  shall  be  30  ±  5  cprn. 

(3)  The  moment  at  the  actuator  shall  be 
200,000  in-lbs. 
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After  two  hoars  cold  test,  with  the  actua1  r  still  operating, 
the  fluid  and  ambient  temperatures  shall  then  be  immediately  raised  to 
a  temperature  of  50Q°F  within  a  30-minute  period,  until  the  actuator 
has  reached  a  stabilised  temperature. 

This  thermal  cycle  shall  be  repeated  two  additional  times. 

•  Room  Ambient  Test:  Following  the  thermal  cycling  of  the  above 

test  requirements,  the  actuator  shall  be 
cycled  for  three  hours  at  room  ambient 
temperature  per  the  travel,  travel  frequency 
and  load  torque  conditions  defined  in  the 
thermal  cycle  test  defined  above. 

•  L,ife  Endurance  Test:  The  actuator  shall  be  operated  in  repetitive 

cycles  as  defined  below  for  a  total  of  1,000 
hoars  operation.  Each  cycle  shall  consist 
of  the  following: 

(1)  Cycle  the  actuator  for  0.5  hour  at  a 
rate  of  120  ±  5  cpm  for  a  travel  of  ±3 
degrees. 

(2)  Cycle  the  actuator  for  3  hours  at  a  rate 

of  60  ±  5  cpm  for  a  travel  of  ±15  degrees. 

(3)  Cycle  the  actuator  for  0.5  hour  at  a  rate 
of  30  ±  5  cpm  for  a  travel  of  ±30  degrees. 

(4)  The  hinge  moment  at  the  actuator  during 
the  life  tests  shall  be  200,090  in-lbs. 

(5)  Du  ring  the  1. 000-hour  life  endurance 
testing,  every  fourth  cycle  shall  be  con¬ 
ducted  at  a  temperature  of  500®F. 
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SECTION  3 


PROGRAM  ACCOMPLISHMENTS 


The  program  schedule  of  tasks  and  task  accomplishments  through 
3  April  1966  are  as  shown  in  Figure  2-1.  Program  activities  have  been 
initiated  in  the  Experimental  Model  Critical  Parameters  Evaluation  and 
Experimental  Model  Analyses.  The  activity  for  the  fabrication  and  de¬ 
livery  of  the  DY NAVE CTOR  Actuator  Demonstration  Model  has  been 
completed  as  scheduled. 

3.1  DYNA VECTOR  DEMONSTRATION  MODEL 

Two  photographs  of  the  plastic  DYNAVECTOR  actuator  demonstra¬ 
tion  model  (Model  No.  PL-01  5-1)3,  Serial  No.  l)bu-lt  and  delivered  under 
this  contract  are  shown  in  Eigures3-1  and  3-2.  The  ass e mbly  drawing 
for  this  model  is  shown  in  Figure  3-3.  The  actuator  consists  of  a  6-vane 
chamber  pneumatic  power  element  driving  a  1  5: 1  epicyclic  transmission. 

The  major  components  of  this  model  are  the  output  shaft  and 
gear  (5),  ring  gear  (2).  ground  gear  (8),  the  cover  plates  (3),  captive 
vanes  (l).  output  shaft  bearings  (-1),  and  housing  (7). 

Low  pressure  pneumatic  stall  and  frequency  response  tests  have 
been  conducted  on  an  equivalent  Bendix  plastic  model  design,  Model 
No.  PL-01  S-Ul  .  The  unit  has  produced  stall  torques  up  to  60  in-lbs  at 
50  p  s  i  g  air  supply  pressure. 

Under  no-load  frequency  response  tests  (reference  Figure  3-4) 
with  velocity  limits  of  30  RPM,  at  50  psig  supply,  the  unit  demonstrated 
zero  dropoff  in  amplitude  ratio  up  to  50  cps  with  the  90-degrce  phase 
shift  occurring  at  36  cps.  With  a  supply  of  l  5  psig,  the  -3  db  po,..' 
occurred  at  18  cps  with  the  90-degree  phase  shift  at  17  cps. 

With  a  load  inertia  of  0.40  in-lb-sec^  and  with  a  velocity  limit  of 
30  RPM,  at  60  psig  supply,  the  -3  db  point  occurred  at  1  1  cps  and  the 
90  degree  phase  shift  occurred  at  7.6  cps.  Response  test  results  with 
this  inertia  load  are  shown  in  Figure  3-5. 
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Figure  3-2  -  DYNAVECTOR  Actuator  Demonstration  Model  PL-01  5-U3 


phau  -  of  Gtecs 


LXPEKlMENl  AL  MODEL  CRITICAL  PARAMETER  EVALUATION 
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3.2.1  Critical  Components  and  Parameters 

The  components  of  the  DYNA VECTOR  actuator  which  art- 
cons  id  ere  d  critical  to  guarantee  success  of  the  actuator  in  meeting  the 
performance  and  life  endurance  requirements  of  this  particular  appli¬ 
cation  are  defined  in  Table  3-1.  The  parameters  of  these  components 
which  are  currently  being  investigated  and  optimized  for  tins  actuator 
design  are  also  summarized  in  Table  3-i.  The  more  critical  of  these 
parameters  will  be  verified  experimentally  as  discussed  in  Section 
3.2.2,  in  addition  to  the  analytical  study  oi  all  parameters  listed  in 
T  able  3-1 . 


3.2.2  Critical  Parameter  Evaluation  Plan 

The  components  and/or  parameters  to  be  expe  r  iment  ally- 
evaluated  are  listed  in  Table  3-2,  along  with  the  purpose  for  the  experi¬ 
mental  evaluation.  Emphasis  of  the  critical  parameter  study  is  on 
motor  vane,  commutator  and  ring  gear  configuration,  and  epicyclic 
transmission  design  because  of  their  effect  on  the  actuator  performance. 
Bearing  requirements  (i.e.,  load,  DN ,  lubrication,  and  life)  are  state-of- 
the-art  and  need  only  be  established  to  select  the  proper  size  bearing 
Seal  requirements  of  leakage,  pressure,  and  environment  are  also 
state-of-the-art  and,  therefore,  oniy  preliminary  analysis  and  design 
is  required. 

The  200,000  in-lb  DYNAVECTOR  actuator  design  will  be 
scaled  down  to  a  test  unit  sire  capable  of  20,000  in-lb  output  torque 
at  tHc  rated  speed  of  30  per  serond  o  ^  the  r  i  m  e  r.  t  a  I  Model, 

resulting  in  a  1  .6  rated  horsepower  output.  A  scale  model  will  be  used 
tc  facilitate  experimental  evaluation  by  use  of  existing  test  equipment 
and  designing  the  actuator  to  a  configuration  readily  assembled  and 
ci  i  «  ?  «  s  embled,  permitting  easy  modification  of  the  critical  components. 
This  scale  model  test  untt  will  be  designed  for  1000  psi  hydraulic  supply- 
operation.  Tests  will  be  conducted  up  to  3000  psi  supply  conditions  to 
establish  the  maximum  torque  and  stress  capability  of  the  actuator,  to 
provide  design  optimization  data  for  the  Expe  rimental  Model. 


V.'  .  _  .  \er  advantageous,  component  test  articles  will  be 
fabricated  and  tested  so  that  a  specific  performance  parameter  may  be 
^vpz. ^ ri tally  and  analytic ally  Isolated  froin  the  i ntp r action  w  1  t  h  Q  th  q  r 
components  of  the  actuator. 


Table  5-1  -  Critical  Components  and  Parameters 


— — —  — - - 

Compon<*r»t9 

Parameters 

Motor 

1 

Vane  9 

Number,  velocities,  leakage,  configuration,  material 

Commutator 

Area,  timing,  leakage,  *.  onfigu ration 

Ring  Goar 

Mass  balance,  pressure  balance,  leakage,  clearance, 
configuration,  assembly 

'I  rantmi 1 9 h inn 

Ring  Gear 

Load  capacity,  reaction  loads,  toot!-,  c nnf i eu r at  ion .  inter- 
ferer.ee,  backlash,  material,  hie,  lubrication,  stiffness 

Bearings 

Lc\td  capacity,  DN,  lubrication,  wcai  ,  life 

Output  Shaft  &  Gear 

Configuration 

Preliminary  design  of  the  scale  model  aclaatnr  will 
reflect  ttie  experience  of  Research  Laboratories  in  the  area  ol  I)YNA- 
VECTOR  actuator  development.  The  ion. mutator  plates  and  motor 
configuration  will  be  designed  to  allow  modification  of  the  commutator 
area  and  timing  and  a  change  in  the  number  of  vanes  to  optimize  aHualor 
performance.  Steady  state  torque  -  speed,  pres  su  re -flow  and  frequency- 
response  characteristics  will  be  used  to  optimize  the  power  element 
critical  components. 

3.3  EXPERIMENTAL  MODEL  ANALYSIS 

Engineering  analyses  have  been  initiated  on  the  Experimental 
Model  of  the  DYNAVECTOR  actuator  to  be  fabricated  and  by  which 
endurance  life  tests  performance  will  be  demonstrated,  for  this  period 
of  activity,  these  analyses  consist  of: 

•'  1 )  Defining  actuator  design  requirements  (reference  DS-744, 
Appendix  A). 

(2)  Defining  check-out  and  life  test  plan  (reference  PS-371, 
Appendix  B) 

(3)  Establishing  computer  program  for  optimization  of 
DYNAVECTOR  gear  design  (reference  Appendix  C). 

(4)  Initiating  design  of  mass  balance  concepts. 

(5)  Initiating  design  of  porting  a  l  commutation  concepts. 

The  actuator  design  requirements  have  been  analyzed  and  are 
defined  in  Engineer  ing  Spec  if  ic  ation  DS-744  entitled  "Preliminary 
Design  Specification  for  a  200,000  in-lb  Hydraulic  Actuator"  dated 
in  March  iybb,  which  is  piesented  as  Appendix  A.  This  specification 
defines  the  design,  environmental  and  performance  requirements  of 
the  actuator,  based  on  vehicle  flight  control  surface  actuation  applications 
requiring  fast  response  and  an  endurance  opt  rational  capability. 

The  actuator  functional  check-out  and  life  test  requirements 
have  been  analyzed  and  are  defined  in  Engineering  Specification  PS-37  1 
entitled  "Preliminary  Check-Out  and  Life  Test  Plan:  200,000  in-lbs 
Hydrauiic  DYNAVECTOR  Actuator",  dated  13  March  1966,  which  is 
presented  as  Appendix  B.  This  specification  defines  the  functional 
check-out  and  life  endurance  tests  to  be  imposed  on  the  DYNAVECTOR 
actuator.  The  functional  check-out  tests  will  be  conducted  both  before 
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Hie  testing  and  after  actuatoi  refurbishment  at  the  conclusion  of  the  life 
tests  before  delivery  to  Wright -Patterson  Air  Force  Base  in  August,  1967. 

Appendix  C,  "DYNAVECTOR  Gear  Design  Computer  Program'1, 
presents  the  mathematical  relationships  describing  the  geometry  of 
involute  gears  required  for  the  DYNAVECTOR  transmission  design. 

These  relationships  are  applied  to  the  problem  of  optimizing  the  pro¬ 
portions  of  non-standard  gear  designs.  In  particular,  inside  and  outside 
radii  of  internal  and  external  gears,  respectively,  are  found  which  have 
the  following  properties: 

(1)  The  gears  operate  at  maximum  efficiency. 

(?.)  The  duration  of  contact  between  gear  teeth  is  maximum. 

(3)  The  gears  are  interference -free  during  operation. 

For  the  optimum  gear  proportions,  expressions  have  been  derived 
to  obtain  the  thickness  at  the  tips  of  the  gear  tooth  and  to  calculate  the 
measurement  of  the  gear  over  pins  or  rolls.  These  mathematical 
expressions  have  been  programmed  for  evaluation  on  the  Bendix  Research 
Laboratories'  G-ZO  Digital  Computer,  by  which  a  series  of  gear  design 
tables  have  been  derived. 

The  ring  gear  design  for  the  Experimental  Model  will  be  of  a 
mass  balance  configuration.  All  mass  eccentricities  and  dynamic 
couples  will  be  completely  balanced,  so  as  to  assure  high  performance 
operation.  Analytical  trade-off  studies  are  being  conducted  on  the 
four  balance  configurations  as  shown  in  Figures  3-6  through  3-9.  The 
methods  of  mass  balancing  may  be  classified  in  two  categories,  depending 
on  the  rotor  gear  mesh  configuration,  i.e.,  internal  mesh  or  external 
mesh.  Figure  j-6  shows  an  internal  ring  gear  mesh  balanced  by  a 
balance  gear.  The  center  of  gravity  of  the  balance  gear  is  180  degrees 
opposite  the  center  of  gravity  of  the  ring  gear,  thereby  producing  com¬ 
plete  mass  balance.  The  ring  gear  is  driven  by  the  fluid  pressure 
vector,  whereas  the  balance  gear  is  driven  by  the  mesh  with  the  output 
shaft  and  therefore  produces  no  work.  Proper  balance  gear  design 
will  eliminate  tooth  interference,  yet  maintain  balance  gear  mesh 
with  the  output  shaft  gear  to  prevent  the  balance  gear  from  falling  out 
ci  engagement. 

Figure  3-7  shows  an  internal  mesh  balance  configuration  with 
the  pressurized  va:u  chambers  between  ring  gear  A  and  ring  gear  B. 

Both  gears,  therefore,  produce  work  and  because  their  center  of 
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re  3-9  -  External  Mesh  Balance  Configuration 
(Both  Gears  Working) 


I 


J] 


gravities  are  180  degrees  apart  the  system  is  balanced.  A  double  set 
of  vanes  is  required  as  shown  for  this  configuration. 

Figure  3-8  shows  an  external  mesh  balance  configuration  with  a 
single  ring  gear  producing  work  and  balance  gears  providing  balance 
but  no  wo  rk. 

Figure  3-9  shows  an  e.  ernal  mesh  balance  configuration  with 
two  ring  gears,  both  of  which  are  driven  by  the  pressure  vector  and 
are  therefore  producing  wo  '-.  A  double  set  of  vanes  is  required  as 
shown  for  this  configuration. 

As  indicated  in  the  discussion  of  the  critical  parameters  in  Section 
3.2,  optimization  of  the  commutation  technique,  i.e.,  tim-  ig  and  flow- 
passage  sizing,  is  considered  to  be  critical  to  the  actuator  performance. 
Design  layouts  have  been  initiated  to  investigate  various  types  of  porting 
arrangements,  compatible  with  the  motion  relationship  between  the  side 
faces  of  the  ring  and  ground  gear. 
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APPENDIX  A 

PRELIMINARY  DESIGN  SPECIFICATION 
FOR  A  200,000  IN*  LB 
HYDRAULIC  ACTUATOR 


PROJECT  -0. 

THE  BENDIX  CORPORATION 
RESEARCH  LABORATORIES  DIVISION 
SOUTHFIELD,  MICHIGAN 

I^CCIPIC  A  TION  MO. 

555 

2837-3110 

11272 

DG  -  71*1* 

■ 

ENGINEERING  SPECIFICATION 

title  preliminary  Design  Specification  lor  a  200,000 

In -Lt  Hydraulic  Actuator 

OAtC 

March  15,  1?66 

1.0  PESCRIPriON 

This  specif. lc«tlon  defines  the  design;  environmental  and  performance 
requirements  for  a  rotary  hydraulic  actuator.  The  actuator  shall  he  capable 
of  driving  a  spring  rate  type  cf  load  and  shall  bo  designed  to  demonatrate 
fast  response  and  an  operatlonaj  endurance  capability  required  for  vehicle 
flight  control  surface  actuation  applications . 

2.0  DESIGN  RB3UIREM£3JTS 

2 . 1  Design  Strength 

The  following  safety  factors  shall  be  applied  to  the  stress  analysis 
of  the  unit: 

(a)  Yield  Strength  =  1.3  x  Design  Yield  Strength 

(b)  Ultimate  Strength  =  1.5  x  Design  Ultlimte  Strength 

(Reference  MIL-A-8860) 

2  .2  Installation  and  Volume  Dimensions 

The  Installation  and  volume  dimensions  for  the  actuator  are  open 
and  undefined.  However,  materials  of  the  lightest  possible  weight  coiioia lent 
with  the  service  and  strength  requirements,  shall  be  used  sc  as  to  assure 
compliance  with  the  weight  design  goal  defined  In  2 . 3  • 

2.3  Weight 

The  actuator  shall  have  a  weight  design  goal  of  150  pounds. 

2  .**  Marking  of  Ports 

All  ports  shall  be  durably  and  legibly  marked  as  to  function. 

Decals  shall  no'  be  used.  Single  letters,  such  as  "p"  for  pressure,  will  not 
be  acceptable. 
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Preliminary  Design  Specification  for  a  200,000 
In-Lb  Hydraulic  Actuator _ 
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3.0  umRcwHsarrAL  riqui roots 

3.1  Supply  Pressure 

The  maximum  available  supply  received  from  the  hydraulic  system 
shall  be  L,000  pslg. 

3.2  Fluid 

The  actuator  shall  operate  with  F-50  Versllube,  Oronlte  70  or  an 
equivalent . 

3.3  Temperature 

The  actuator  shall  be  designed  to  operate  In  an  air  ambient  and 
fluid  te^>erature  range  of  -65°F  to  500°F.  For  a  cold  start  thermal  transient, 
the  actuator  shall  be  designed  to  operate  with  an  air  ambient  of  -65°F  and 
fluid  tesperature  rise  from  -65°F  to  +500°F  In  0-5  hours. 

3-1*  Lubrication 

All  parts  of  the  actuator  requiring  lubrication  shall  utilise  the 
working  fluid  for  lubrication.  An  exception  to  this  may  be  made  for  those 
part*  which  can  be  dry-film  lubricated,  providing  that  such  dry  film  does 
not  need  to  be  re-applled  during  the  life  of  the  actuator. 

3.5  Vibration 

The  operation  of  the  actuator  shall  bs  unaffected  by  sustained 
acceleration  forces  of  10  g's  In  all  directions. 
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4.0  PERFORMANCE  RBJUIRBfflrrS 

4 .1  Leakage 

The  external  leakage  from  the  actuator  shall  be  held  to  the  minimum 
acceptable  for  alrcra"'  actuators.  Etyranic  seal  deeif^s  utilising  seals  at 
low  surface  speeds  should  be  employed  wherever  possible.  The  lefixage  design 
goal  for  actuator  dynamic  performance  shall  be  a  maximum  of  12  drops  per  hour 
(0.60  cc).  The  shaft  seal  leakage  design  goal  for  actuator  static  performance 
•hall  be  2  drops  per  hour  (0.10  cc). 

External  leakage  through  static  gasket  seals,  other  than  a  slight 
wetting  insufficient  to  form  a  drop,  is  unacceptable. 

4 .2  Actuator  Rate 

The  actuator  output  rate  capability  shall  be  at  least  30  degrees  per 
second  at  any  torque  load  specified  In  Paragraph  4.3. 

4 .3  Actuator  Torque  Load 

The  actuator  tor<iue  load  shall  be  a  spring  rote  type  load  of  6,670 
in-lb  per  degree  with  a  maximum  torque  of  200,000  in-lb  at  30  degrees  travel. 

Inertia  and  friction  type  loads  are  zero. 

4.4  Actuator  Travel 

The  actuator  travel  shall  be  -  JO  degrees  maximum. 

4.5  Efficiency 

An  efficiency  of  80  percent  or  better  la  desired  at  maximum  design 
conditions.  The  efficiency  shall  be  defined  as  the  ratio  of  power  output  to 
the  power  Input  to  the  actuator. 
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4,6  Backlash 


The  actuator  design  shall  Incorporate  methods  for  achieving  zero 

backlash. 

4.7  Life 

The  actuator  shal'  be  designed  for  a  life  of  3,000  hours  with  a  duty 
cycle  similar  to  that  specified  in  the  1,000  hour  life  tect  (Reference  PS-371) ■ 

4 .8  Cyclic  Torque-Speed  Requirements 

The  actuator  shall  be  designed  to  meet  the  following  cyclic  torque- 
speed  requirements  (Reference  Appendix  A). 

4.0.1  Cycle  frequency  2.0  epa;  Cycle  amplitude  6  degrees  peak  to 
peak  against  spring  rate  load  of  6,670  ln-lb  per  degree 
(load  variation  tero  to  b  20,000  ln-lfc). 

4.8.2  Cycle  frequency  1.0  cps:  Cycle  amplitude  30  degrees  peak  to 
peak  af^inst  spring  rate  load  of  6,610  ln-lb  per  degree 
(load  variation  tero  to  T  100,000  ln-lb). 

4.8-3  Cycle  frequency  0.5  cps:  Cycle  amplitude  60  degrees  peak  to 
peak  against  spring  rate  load  of  6,670  ln-lb  per  degree 
(load  variation  tero  to  b  200,000  in -It). 
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"  PRELIMINARY  CHECK-OUT  AND  LIFE  TEST  PLAN: 

200,000  IN-LB  HYDRAULIC  DYNAVECTOR  ACTUATOR 

I 
I 
I 

[I 

1 

I 

f 

i 

I 

f 

I 


PWOJfCT  MO, 

THE  BEN (XX  CORPORATION 

COOI  t  0 1  NT. 

**«C1FlCATlON  MO- 

H3BI 

2837-lHO 

RESEARCH  LABORATORIES  DIVISION 
SOUTHFIELD,  MICHIGAN 

11272 

P8  -  371 

■ 

ENGINEERING  SPECIFICATION 

titli  preliminary  Check-Out  and  Life  Test  Plan: 
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March  15,  1966 

1.0  PURPOSE  ccr  TEST  PLAN 

This  preliminary  test  plan  defines  the  functional  check-out  tests  and  life 
endurance  testa  to  be  Imposed  on  a  rotary  hydraulic  200,000  in-lb  torque 
capacity  DXHAVECTOR.  The  functional  check-out  testa  will  be  conducted  both 
prior  to  life  testing  and  after  actuator  refurbishment  at  the  conclusion  of  the 
life  test  before  delivery  to  Wright -Patterson  Air  Force  BaBe  under  Contract 
AF  33(615)-3j»31  in  Aupuflt  1967. 

2.0  LOO  BOOK  DOCUKOT'ATICH 

An  equipment-  log  shall  be  cosqjlled  for  the  0XNAVPCTOK  Actuator  and  shall 
contain  the  following  items: 

2.1  Title  Page:  Log  Book  Rotary  Hydraulic  DWAVECTOP  Model  _ . 

Serial  Humber  _ ,  BPU3  Project  2837-IIIO,  Wrlght-Patterson 

Air  Force  Base  Contract  A?  33(6l5)-3*01 

2  .2  Table  of  Contents 

2 -3  Section  I,  Equipment  Complement 

Specify  the  following  as  applicable  docuroentc : 

(a)  KHAVECTOn  Assembly  Drawing  _ . 

(b)  Check-Out  Test  Fixture  Schematic  and  Equipment  Lints. 

(c)  Life  Test  Fixture  Schematic  and  Equipment  LIbIb  . 

(d)  DS-71*^  Preliminary  Design  Specification . 

2  - 4  Ccctlwn  lx,  xtisp.'ction  neports 

All  Inspection  reports  pertaining  to  the  actuator  "ssembly  deliver¬ 
able  hardware  are  to  be  compiled  in  this  section.  If  any  part  initially 
rejected  by  inspection  is  used  in  the  actuator  assembly,  a  copy  of  the  report 
defining  part  disposition  and  statement  of  subsequent  acceptance  (rework, 
valver,  etc.)  is  to  be  Incorporated  in  Section  II. 
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2 . 5  Sen  11  on  III  i  Calibration  Data 

State  test  equipment  used  and  calibration  history  of  said  equipment . 

2  •  6  Section  IV,  Functional  Check-Out  Test  Data 

A  compilation  of  all  check-out  dp.ta  prior  to  life  teBts  and 
obnervatlonr  of  tost  articles  and  test  stand  functioning  6hall  be  entered  in 
this  Section. 

2  •  7  Sec tlm  V,  Lll'o  Test.  Data 

A  compilation  cf  all  life  test  data  accumulated  and  observations 
of  test  articles  and  test  stand  functioning  shall  be  entered  in  this  Section- 

2.8  Section  VI,  Refurbished  Assembly  Functional  Check-Out  Test  Data 

A  compilation  of  all  check-cut  data  recorded  on  the  refurbished  unit 
prior  to  shipment  to  the  customer  and  observations  cf  said  unit  and  test  stand 
functioning  shall  be  ottered  in  this  Section. 

2 . 9  See  tier.  VII ,  Engineering  R  ;le-ase  notices.  Change  Notices,  and  E.I.  Forms 

Copies  of  all  drawing  release  notices,  change  notices  and  engineering 
instruction  forms  of  do’  enable  hardware  are  to  be  Included  In  this  Section. 

2.10  Section  VIII,  :tlonal  Check-Out  Operating  Events 

Record  each  tlr.  deliverable  hardware  rs  tested  during  check-out 
tests  prior  to  life  rests  and  define  adjustments  or  modifications  required  to 
op.irote  ne.i.lveranie  hardware  and/or  test  equipment  (repairs,  rework,  inspections 
ana  main tcnoncc >  Teat  data  is  to  be  recorded  In  Section  IV. 

2.11  Section  DC,  Life  Test  Operating  Kvents 

Record  sequence  of  life-  tests  and  define  adjustments  or  modifications 
required  to  operate  deliverable  hardware  and/or  test  equipment  (repairs,  rework, 
inspection,  and  nainte-nai.ee).  Test  data  is  to  be  recorded  in  Sectlco  V. 
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2 . 12  Section  X,  Refurbished  Assembly  Functional  Check-Out  Operating  Fvents 

Record  each  time  deliverable  hardware  is  tested  and  define  adjustments 
or  modifications  required  to  operate  deliverable  hardware  and/or  test  equip¬ 
ment  (repairs,  rework,  inspection,  and  rmintenance ) .  Test  data  is  to  be 
recorded  in  Section  VI . 

2.13  Section  XI,  Fa t lure  Reports 

A  copy  of  BRLD  failure  data  report  BC-RLD-47  shall  be  filed  in  this 
section  in  the  event  of  catastrophic  or  degradation  failure  of  deliverable 
hardware  during  any  deliverable  hardware  tests. 


3.0  niVI  RONMUfT  A I  j  CONDITIONS 

All  functional  check-out  tests  will  be  conducted  at  room  temperature 
conditions  with  KIL-0-5606  oil. 


Life  endurance  tests  will  be  conducted  with  Oror.ice  High  Temperature 
Hydraulic  Fluid  70  at  the  temperature  conditions  (-65°F  to  +  50'0°F )  as  defined 
ir.  the  Life  Tent  Requirements  Section  4.2. 


4.0  TEST  REttUI  REMOTE'S 


A  torsion  tube  load  fixture  with  a  spring  rate  characteristic  of  6670 
in-lbs  per  degree  with  a  *  30  degree  travel  capability  will  be  used  as  the 
torque  loed  mechanism  for  the  applicable  rests  defined  below. 


4.1  Functional  Check-Out  Tests 


All  tests  are  to  be  conducted  under  room  tempeiature  conditions 

using  MIL-0-5606  fluid.  Tests  4.1.1  and  4.1.2  are  to  be  performed  in  the  proper 

sequence  as  indicated.  Te6ts  4.1.3  through  4.1.8  nay  be  performed  in  any 

sequence  as  is  convenient  . 
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1.1.1 

Examination  of  Actuator 

The  actuator  shall  be  examined  to  determine  conformance 
with  the  applicable  assembly  drawings  and  all  requirements  of  design 
specification  DS-7H  and  *lls  specification. 

1.1.2  Break-In  Run 

The  break-in  run  shall  be  for  a  duration  of  one  (l)  hour 
minimum.  Shaft  torque  loading  ray  be  constant  or  vary  6inusoidally  80  as  to 
impose  a  peak  actuator  pressure  differential  of  25^  maximum  required  pressure 
differential  to  produce  2CC,0C0  ln-lb  torque  .  Shaft  speed  may  be  constant 
at  a  minimum  of  30  degrees  per  second  or  vary  sinusoidally  from  zero  to  30 
degrees  per  second  maximum. 

After  the  break-in  run,  the  actuator  shall  be  disassembled  and 
examined.  If  all  parts  are  in  acceptable  condition,  the  actuator  shall  be 
reassembled  and  tests  continued  per  1  .  1 . 3 .  If  working  parts  require  replace¬ 
ment  ,  the  actuator  shill  be  reassembled  using  the  replacement  parts,  and  the 
break-in  run  anu  subsequent  disassembly,  examination,  and  reassembly  repeated. 

4-1-3  Proof  Test 

A  proof  pressure  of  1-5  times  the  maximum  required  actuator 
supply  pressure  necessary  for  the  actuator  to  meet  the  performance  requirements 
defined  in  DS-711  shall  be  slmultan  .^usly  applied  to  both  pressure  ports  at 
least  4  o  successive  times  and  held  two  (2)  minutes  for  each  pressure 
application.  The  actuator  shall  be  operated  per  1.1.2  between  application  of 
the  proof  test  pressure. 

During  application  of  the  proof  test  pressure  there  shall  be 
no  evidence  of  external  leakage,  other  than  a  slight  wetting  insufficient 


to  form  a  drop,  excessive 

distortion,  or  permanent  set. 
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4.1. It  No-Load  Breakout 


Record  pressure  differential  and  supply  pressure  at  Instant 
of  actuator  output  shaft  rotation  for  both  directions  of  rotation  vlth  zero 
torque  load  applied . 


4.1-5  No-Load  Speed 

Record  actuator  output  shaft  speed  and  hydraulic  supply  flow 
re.te  for  actuator  pressure  differentials  of  10$,  25$,  5C$,  75$  and  100$ 
axlraum  required  pressure  differential  vlth  zero  torque  load  applied.  Record 
for  both  directions  of  rotation. 

4.1.6  Stall  Torque 


Assemble  torsion  tube  load  mechanism  to  actuator  output  shaft. 
Record  stall  torque  and  leakage  consumption  at  actuator  pleasure  differentials 
of  10$,  25$,  5 0$,  75$  and  100$  naxlraum  required  pressure  differential  to 
produce  200,000  ln-lbs  torque.  Repeat  for  opposite  torque  direction. 

4.1.7  Cyclic  Torque  -  Speed  Testa 

The  following  cyclic  torque-speed  conditions  shall  be  imposed 
on  the  actuator  output  shaft  for  a  minimum  of  6  hours  tesc  time.  External 
leakage,  actuator  flow  consumption  and  actuator  efficiency  are  to  be  recorded 
In  addition  to  load  torque  and  speed: 

(a)  Cycle  the  actuator  for  0.25  hours  at  a  cycle  frequency 

of  ?  ,o  cj.?  ,  1c  RjmM  t \i(5.£  ?h*ll  tc  s i-X 

peak  to  peak  against  a  spring  rate  load  of  6670  in-lbs 
per  degree  (load  variation  zero  to  t  20,000  ln-lbs). 

(b)  Cycle  the  actuator  for  1-5  hours  at  a  cycle  frequency 
of  1.0  cps .  Cycle  amplitude  shall  be  3°  degrees  peak 
to  peak  against  a  spring  rate  load  of  6670  ln-lbs  per 
degree  (load  variation  zero  to  t  100,000  in-lbs). 
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(c)  Cycle  the  actuator  for  0.25  hours  at  a  cycle  frequency 
of  0.5  cps .  Cycle  amplitude  shall  be  60  degrees  peak 
to  peak  against  a  spring  rate  load  of  6670  ln-lbs  per 
degree  (load  variation  zero  to  -  200,000  ln-lb6). 


4.1.8  Frequency  Response  Tests 


I 


Frequency  response  tests  shall  be  conducted  under  no-load 
conditions  (actuator  decoupled  from  load  mechanism)  and  against  a  torque  load 
(actuator  driving  load  mechanism  spring  rate  and  inertia  about  a  zerj  deflec¬ 
tion  null) . 


During  all  tests  the  actuator  output  shaft  speed  shall  be 
velocity  limited  to  30  degrees  per  second.  Tests  shall  be  conducted  to 
establish  the  frequency  to  effect  a  90  degree  phase  shift  and  amplitude  decay 
of  3  db. 

4.2  Life  Endurance  Testa 

The  requirements  for  the  life  endurance  evaluation  of  the  actuator 
consist  of  three  2-5  hour  thermal  cycle  tests,  a  three  hour  room  ambient  test 
and  a  100G  hour  life  endurance  test  consisting  of  189  room  temperature  cycles 
and  62  cycles  at  500^.  All  tests  are  to  be  conducted  at  the  temperature 
conditions  as  specified  below  using  Oronite  HTHF  70. 

The  test  procedure  for  tne  life-  endurance  tests  is  as  f olievs : 

(a)  Stabilize  the  test  Unit  at  —03  F . 

(b)  Maintain  ambient  temperature  at  -65  F  with  hydraulic  fluid  at 
100  t  20°F.  Cycle  the  actuator  for  two  hours  at  a  frequency 
of  0-5  cps,  amplitude  of  60  degrees  peak  to  peak  against  a 
spring  rate  load  of  6670  ln-lbs  per  degree  (load  variation 
zero  to  t  200,000  ln-lbs). 

(c)  While  still  operating  as  defined  in  (b)  above  raise  the  ambient 
and  fluid  temperature  to  500  F  within  thirty  (30)  minutes  and 
continue  test  until  actuator  ha3  reached  a  stabilized  temperature. 


ERe^ARlD  B  V 


"FVIJ'ON! 


CHECKED 


C/  A 


BY 


A 


J 


ORIGINAL  FILED  IN  PRODUCT  DESIGN  SECTION 


MCt-OOCLIBI 


THE  IENCHX  CORPORATION 
RESEARCH  LABORATORIES  DIVISION 
SOUTHFIELD,  MICHIGAN 


COO®  IOKNT.1 


TITLI 


PnOJtCT  NO. 

2837-illo 


COOV  IDCNT. 

■uuuimi'Eii 

arw 

11272 

PS  -  371 

n 

ENGINEERING  SPECIFICATION 


Preliminary  Check-Out  and  Life  TeBt  Plan! 
200,000  In-Lb  Hydraulic  DTNAVECTOR  Actuator 


DAT® 

torch  15,  1966 


(d)  Repeat  paragraphs  (a)  through  (c)  two  additional  times. 

(e)  At  the  conclusion  of  third  thermal  cycle,  stabilize  the  actuator 
at  room  ambient  temperature  and  cycle  for  three  hours  at  a 
frequency  of  0.5  cps,  amplitude  of  60  degrees  peak  to  peak 
against  a  spring  rate  load  of  6670  in-lba  per  degree  (load 
variation  zero  to  t  200,000  in-lbo). 

(f)  The  actuator  shall  then  be  operated  in  repetitive  cycles  for  a 
total  of  1000  hour b  of  operation  against  a  spring  rate  load  of 
6670  ln-lbs  per  degree.  Each  cycle  shall  consist  of  the 
following: 

1.  Cycle  the  actuator  for  0-5  hours  at  a  cycle 
frequency  of  2.0  cps.  Cycle  amplitude  shall  be 
six  degrees  peak  to  peak.  Load  variation  shall 
he  zero  to  t  20,000  ln-lbs. 

2.  Cycle  the  actuator  for  3-0  hours  at  a  cycle 
frequency  of  1.0  cps.  Cycle  similitude  Bhall  be 
30  degrees  peak  to  peak.  Load  variation  shall  be 
zero  to  *  100,000  in-lbs. 

3-  Cycle  the  actuator  for  0.5  hours  at  a  cycle 

frequency  of  0-5  cps.  Cycle  amplitude  shall  be 
60  degrees  peak  to  peak.  Load  variation  shall  be 
zero  to  i  200,000  in-lbs. 

The  above  teats  aiiali  be  performed  ot  ambient  temperature  ana  100 
-  20°F  fluid  temperature  for  three  repetitive  cycles  followed  by  a  fourth 
cycle  performed  at  500°P  ambient  and  fluid  temperature  to  the  completion  of  a 
total  of  1000  hours  of  operation. 
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APPENDIX  C 


DYNA VECTOR  GEAR  DESIGN  COMPUTER  PROGRAM 
1.0  SUMMARY 

This  appendix  presents  the  mathematical  relationships  describing 
the  geometry  of  involute  gears  required  for  the  DYNAVECTOR  trans¬ 
mission  design  These  relationships  are  applied  to  the  problem  of 
optimizing  the  proportions  of  non-standard  gear  designs.  In  particular, 
inside  and  outside  radii  of  internal  and  external  gears,  respectively, 
are  found  which  have  the  following  properties: 

(i)  The  gears  operate  at  maximum  efficiency. 

(ii)  The  duration  of  contact  between  gear  teeth  is  maximum. 

(iii)  The  gears  are  interference-free  during  operation. 

For  the  optimum  gear  proportions,  expressions  are  derived  to 
obtain  the  thickness  at  the  tips  of  the  gear  teeth  and  to  calculate  the 
measurement  of  the  gear  over  pins  or  rolls. 

The  mathematical  expressions  have  been  programmed  for 
numerical  evaluation  on  the  Bendix  Research  Laboratories  Division  G- 20 
Digital  Computer.  This  appendix  contains  a  discussion  of  the  numer¬ 
ical  methods  employed  in  computing  the  optimum  gear  proportions. 

2.0  INTRODUCTION 

2.1  General 

In  the  designing  of  internal-external  involute  gear  pairs,  certain 
physical  characteristics  are  sought,  The  engineer  requires  that  the 
gears  be  efficient,  have  a  relatively  high  contact  ratio  and  be  interference 
free-  In  addition,  dimensions  such  as  base  radii,  pitch  radii  and  center 
distance,  are  specified.  The  problem  becomes  to  find  inside  and  outside 
radii  which  will  satisfy  the  design  requirements.  No  particular  difficulty 
is  encountered  for  conventional  gear  specifications.  However,  when  non¬ 
standard  designs  are  required  as  in  the  DYNAVECTOR  design,  the  requi¬ 
site  gear  proportions  must  be  obtained  from  a  systematic  search  program. 

Having  the  proportions  of  the  gears,  the  exact  tooth  form  car.  be 
determined.  Load  considerations  lead  to  the  conclusion  that  the  thickness 
of  the  tips  of  the  internal  and  external  teeth  should  be  equal,  as  the  teeth 
come  into  ana  go  out  of  mesh,  the  equal  tooth  thicknesses  will  tend  to 
balance  the  stresses  between  the  internal  tooth  and  the  external  tooth. 


C-  I 


Finally,  when  the  exact  proportions  of  the  involute  tooth  profiles 
are  established,  the  quantity  "measurement  over  rolls"  can  be  deter¬ 
mined.  During  the  machining  of  the  gears,  the  measurement  over  rolls 
assures  iroper  tooth  spacing  and  a  proper  involute  tooth  form.  Two 
pins  of  known  dimensions  are  placed,  diametrically,  between  gear  teeth 
and  the  distance  from  one  pin  to  the  other  is  measured.  This  is  the 
measurement  over  rolls  which  must  be  maintained  throughout  the  cir¬ 
cumference  of  the  gear. 

In  the  remaining  paragraphs  in  this  section,  the  design  character¬ 
istics  will  be  discussed  in  greater  detail.  Section  3  presents  the  basic 
elements  of  involute  trigonometry  and  of  involute  gear  geometry.  For¬ 
mulas  for  various  and  pertinent  properties  of  involute  gears  are  derived 
in  this  section.  Section  4  presents  a  discussion  of  the  numerical  evalu¬ 
ation  of  involute  gear  geometry  as  an  aid  to  the  engineering  design  of 
such  gears. 

2.2  Gear  Design  Objectives 

2.2.1  Efficiency 

In  general,  the  efficiency  of  gears  is  expressed  as  a  ratio  of  the 
work  input  to  the  driven  gear  and  the  work  output  cf  the  driving  gear 
over  the  arc  of  contact  of  a  pair  of  gear  teeth.  The  efficiency  can  also 
be  expressed  in  terms  of  the  proportions  of  the  internal  and  external 
gears.  Factors  such  as  the  relative  number  of  treh  the  length  of  the 
arc  of  approach  (i.e..  the  arc  from  the  point  w  re  the  teeth  come  into 
contact  to  the  pitch  point  of  the  gears  ana  t.ne  length  of  the  arc  of  re¬ 
cess  (i.e.,  the  arc  length  from  the  pit  :h  poi.it  to  the  last  point  of  contact) 
affect  the  efficiency. 

Clearly,  power  t  rarisrr  .s  s  ion  is  directly  related  to  efficiency  and, 
the  refore. 'nigh  levels  of  effi-iencv  are  desirable.  Since  relationships 
between  gear  geometry  and  ef/icency  can  be  established,  it  is  possible 
to  select  gear  proportions  with  efficiency  as  a  design  parameter.  In 
addition.  K  is  possible  to  maximize  the  etficiency  of  involute  gears  by 
an  appropriate  choi-  e  of  ge  ir  proportions. 

2.2.2  Contact  Ra.io 

The  contact  ratio,  or  duration  of  contact,  of  gears  is  the  ratio  be¬ 
tween  the  length  of  the  arc  through  which  mating  teeth  come  into  and 
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go  out  of  contact  and  the  arc  length  between  successive  teeth  on  the 
gear.  The  former  is  called  "the  arc  of  action,"  and  its  length  consists 
of  an  arc  of  approach  and  an  arc  of  recess. 

As  a  function  of  gear  proportions,  the  contact  ratio  ranges  from 
a  lower  bound  of  zero  to  an  upper  bound  which  depends  upon  the  radii 
at  which  the  gear  teeth  come  to  a  point.  In  practice,  the  upper  bound 
for  the  contact  ratio  depends  upon  tooth  interference  conditions.  If  the 
gear  teeth  are  to  be  free  of  interference  between  the  profile  of  one  tooth 
and  the  tip  of  the  o'her  tooth,  then  the  contact  ratio  is  limited  to  gear 
proportions  which  batisfy  non-interference  conditions. 

Since  the  contact  ratio  involves  the  arc  of  approach  and  the  arc 
of  recess,  and  since  gear  efficiency  is  also  related  to  these  quantities, 
the  condition  that  the  gear  operation  be  free  of  interference  may  be  im¬ 
posed  in  such  a  manner  as  to  maximize  both  the  contact  ratio  and  the 
gear  efficiency.  It  is  well  to  note  that  these  two  quantities  maximized 
together  do  not  necessarily  represent  individual  maxima.  Thus,  it  may 
be  possible  to  achieve  a  higher  contact  ratio  at  the  expense  of  lower 
efficiency. 

2.2.3  Tooth  Interference 

Tooth  interference  is  the  condition  where  the  teeth  cannot  pass 
freely  out  mesn  as  the  gears  are  in  operation.  Figure  1  shows  typical 
involute  gear  tooth  orientations  <n  various  angles  of  rotation.  The  out¬ 
side  radius,  RQ,  of  the  external  gear  tooth  and  the  inside  radius,  Rj,  of 
the  internal  gear  tooth  are  marked,  as  is  the  center  distance,  C- 

Tooth  interference  occurs  as  a  function  of  the  combined  magni¬ 
tudes  of  R0.  Rj  and  C.  Given  an  inside  radius  and  a  center  distance, 
interterence  will  occur  it  the  outside  radius  is  too  large.  Similarly, 
given  an  outside  radius  and  a  center  distance,  interference  will  occur 
if  the  inside  radius  is  too  small. 

During  the  operation  of  the  gears  the  involute  profiles  of  the 
teeth  are  in  contact  only  along  the  arc  of  action,  As  the  externa)  tooth 
moves  down  the  profile  of  the  internal  tooth,  its  coiner  traces  a  tro- 
choidal  path.  This  path  exists,  because  the  centers  of  rotation  of  the 
two  gears  are  displaced.  Analysis  of  the  interference  characteristics 
of  gears  involves  a  comparison  between  the  simultaneous  paths  of  the 
tips  of  the  internal  and  external  teeth.  When  this  comparison  is  made 
for  all  combinations  of  inside  and  outside  radii  ranging  from  the  base 
radii  to  the  radii  at  which  the  teeth  come  to  a  point,  the  optimum  gear 
proportions  can  be  obtained  which  satisfy  the  design  requirements. 
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Figure  l  -  Involute  Guar  Tooth  Orientation 

3.0  ANALYSIS 
3.1  General 

This  section  presents  the  mathematical  relationships  describing 
the  geometry  of  involute  gears.  The  equations  for  the  contact  ratio 
and  tip  interference  will  be  developed.  The  maximum  efficiency  con¬ 
dition  for  gear  operation  will  be  established.  The  three  relationships 
will  be  used  to  obtain  the  inside  radius  of  the  internal  gear  and  the  out¬ 
side  radius  of  the  external  gear  for  the  highest  possible  contact  ratio. 

The  arc  tooth  thickness  geometry  will  be  derived.  The  tooth 
thickness  required  for  the  teeth  to  mesh  tightly  at  a  given  center  dis¬ 
tance.  and  the  thickness  at  the  tips  of  the  internal  and  external  teeth 
are  combined  m  a  single  relationship.  The  relationship  is  constructed 
under  the  condition  that  the  internal  and  external  tooth  tip  thickness  is 
the  same. 


i 
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Finally,  the  equation*  for  the  diameter  of  a  gear  "over  rolls 
will  be  derived  for  internal  and  external  gears.  The  measurement 
over  rolls  is  a  quantity  used  during  the  machining  of  th^  gears  to  assure 
the  proper  tooth  configuration  and  dimension. 

3.2  Involute  Gear  Geometry 


3.2.1  The  Involute  Function 


Referring  to  Figure  2: 


0  -  tan  6  -  <p  ~  inv  4>  (1) 

Note  that  the  arc  <}>  is  the  length  of  the  circumference  on  the  circle  over 
the  angle  0  +  4> .  If  the  tangent  function  is  expressed  as  a  ratio,  this  is 
seen  immediately. 


It  ‘oliowe  that  the  radius  of  curvature  of  the  involute  curve  at  any  point 
is  the  length  of  the  generating  line,  £o  +  <p J  ,  at  that  point, 

3.2.2  Th  rochoid  Function 

A  trochoid  is  the  path  of  a  point  in  a  moving  plane  as  it  progresses 
along  a  fixed  curve.  For  example,  the  trochoid  of  a  circle  a1"  it  rolls  on 
a  straight  line  is  illustrated  in  Figure  3.  The  point  p  on  the  radius  of 
the  circle  traces  the  trochoid  path,  shown.  With  respect  to  gear  teeth, 
trochoid  action  occurs  between  mating  teeth  as  they  progress  along  a 
path  of  contact.  1  wo  cases  will  be  coi  side  red: 

The  trochoid  of  the  corner  of  an  external  gear  tooth  at  the  root  of 
an  internal  gear  tooth  is  described  by  the  geometry  in  Figure  4(a). 
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where 


R 


P> 


R  R  .  =  pitch  radii  of  external  and  internal  gears,  respectively. 

The  trochoid  of  the  coiner  of  the  internal  gear  tooth  at  the  root 
of  the  external  tooth  is  described  by  the  geometry  shown  in  Figure  4(b). 

Let  R  denote  the  inside  radius  of  the  internal  gear, 
i 


and 


where 


R  =  "V/r  2  +  C2  +  2  R  C  cos  6 
T  v  i  i 

(V 

T  \  Rt 


R 

Q  =  - p 

R  K 
po 


(6) 

(7) 


3 . 3  The  Contact  Ratio 

The  duration  of  contact  between  internal  and  external  gear  teeth 
is  def’ned  on  the  line  of  action.  Formally,  the  contact  ratio  is  given  by 
the  length  of  the  path  of  contact  between  its  intersection  with  the  inside 
radius  of  the  internal  gear  and  its  intersection  with  the  outside  radius 
of  the  external  gear  divided  by  the  base  pitch  of  the  gears.  The  geometry 
for  obtaining  the  contact  ratio  is  shown  in  Figure  5. 
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The  contact  ratio,  m  ,  is  given  by 


C  sin  *  +  y Rq  -  Rb, 


fR.  -  R 

j  b2 


C  sin  4>  +  ~\  R  -  R 

Vo  b  1 

2  TT  R 


/  2  2 
K  -\z 


Substitution  ol  equation  (3)  into  the  above  yields  a  relation  between  the 
contact  ratio  and  the  involute  functions  at  the  radii,  R0  and  Rj.  Thus, 
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4>  +  ( i  n  v  <f>  ->•  d>  )-  -■ —  ( i  n  v  (j>  +  4>  ) 
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N  r  R 

2  i  ^  j 

=  9—  1  d"  sin  ?  +  (inv  <j>  +  ■*.  )  ■  i inv  $  :  tf. .)  (9) 
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3.4  Efficiency  of  Gears 

The  maximum  efficiency  of  internal  and  external  involute  gear 
is  taken  to  be  the  condition  the  Ko  -  intercept  and  the  P,  -  intercept 
on  Lite  iine  of  action  are  equidistant  from  the  pitch  point.  From  Figure  5 
it  is  seen  that  this  condition  is  met  when 

~\/k  2  -  R"  +  yRC  -  Rf,  =  (R  +  R  )  sin  <j>  (10) 

Vo  bl  Vi  b2  p2  pi 

In  terms  ol  the  involute  functions  the  maximum  efficiency  occurs  foi 
the  condition 

R,  ,  linv  -(  <p  )  +  R  (inv  4> .  +  4,  )  =  (R  +  R  I  sin  6(11) 
bl  o  o  b2  11  p?.  pi 
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Substitution  of  equation  (11)  into  equation  (9)  yields  an  expression  in¬ 
volving  the  contact  ratio  as  a  function  of  the  involute  value  at  the  tip 
of  the  external  gear  tooth.  The-  result  is- 
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3.5  Tip  Inte  rfe  rence 

Tip  interference  occurs  when  the  trochoid  of  the  path  of  the  corner 
of  the  external  ^ear  tooth  intersects  the  involute  profile  of  the  internal 
gear  tooth.  If  the  trochoid  is  outside  of  the  tooth  iorni,  then  no  tip 
interference  will  exist. 


In  terms  of  angles,  the  angle  to  the  tip  of  the  infernal  tooth  is 
given  by  the  involute  function  at  the  inside  radius.  RJt  that  is, 

/  -  inv  o  (  I  l) 


Referring  to  Figure  4(a).  the  trochoid  of  the  path  of  the  tip  of  the  external 
gear  tooth  is  given  by 


whe  re 


a  -  arc  cos 
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N. 


-  (3 


(M) 


The  angle  Op  is  measured  with  respect  to  the  axis  of  symmetry  of  the 
trochoid.  The  axis  of  symmetry  is  at  an  angle  0o.  with  respect  to  the 
line  of  centers,  given  by 

N, 

0  =  —  [  ■ .  •  v  $  -invcjl+invi})  (15) 
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It  follows  that  no  tip  interference  occurs  for  any  gear  proportions  RQ 
and  Rj  such  that  x  >  y 

3.6  Tooth  Thickness 

The  arc  tooth  thickness  of  an  involute  gear  ooth  is  a  function  of 
the  radius  of  the  arc  and  is  a  function  of  the  thickness  at  some  other 
radius.  Figure  6  illustrates  the  geometry  for  an  external  gear  tooth. 
Referring  to  Figure  b.  the  involute  tooth  iorm.  generated  from  base 
radius  R^.  of  an  external  tooth  is  shown. 

Let  the  arc  tooth  thickness  Tj  at  radios  Rj  be  known. 

For  all  positions  on  the  involute  curve, 

R 

<p  =  arccos  (17) 

At  P_2  t lie  arc 

(18) 


Figure  6  -  Tooth  Jhiekncss 


yields  values  for  the  arguments  <p  ^  and  (jr>  in  particular, 
tooth  thickness  is  given  by  r-  -i 
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For  an  internal  gear  tooth  similar  analysis  leads  to  the  result 


TZ  =  R2  I  R~  +  2  lnV  ^2  -  2  lnv  4»  jJ  (19) 

Given  the  proportions  of  an  internal  and  external  gear  pair,  it  is 
desired  to  find  the  arc  tooth  thickness  at  the  tips  of  the  internal  and  ex¬ 
ternal  teeth  which  is  equal  for  the  two  teeth  and  which  permits  the  teeth 
to  mesh  tightly  at  the  pitch  point.  In  order  that  the  teeth  mesh  tightly 
at  the  pitch  point  the  arc  tooth  thickness  must  be  such  that 
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T  +  T  =  —  R  =  —  R  (20) 

pi  p2  Nj  pi  p2 

whe  re 

T  =  arc  tooth  thickness  of  the  external  gear  tooth  at  the 
pitch  radius,  R 

pl 

T  -  arc  tooth  thickness  of  the  internal  gear  tooth  at  the 
pitch  radius,  R  _ 

p2 

Nj,  =  number  of  teeth  in  external  and  internal  gears,  respectively 

From  equation  (18)  the  arc  tooth  thickness  at  the  tip  of  the  ex¬ 
it;  rnal  tooth  is 
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r  =  R  lEi  4 
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and  from  equation  (19)  the  arc  tooth  thickness  at  the  tip  of  the  internal 
tooth  is 


T  -  R  -  +  2  (inv  <j>  -  inv  6 ) 

i  i  R  .  i 

L  P2 


whe  re 


(j>  -  operating  pressure  angle  at  R  ,  and  ai  R 

pl  P2 
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Setting  T0  =  Tj  =  T  and  solving  the  resulting  expression  simul¬ 
taneously  with  equation  (20)  fur  T  ,  substitution  of  this  value  into  equa- 
tion  (21)  gives  the  requisite  tooth  ^ip  thickness.  After  some  manipulation 
it  is  found  that 
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3.7  Measurement  Over  Rolls 


3.7.1  Inte  rnal  Go  a  r 

In  order  to  obtain  the  measurement  over  rolls  for  an  internal,  it 
is  necessary  to  determine  the  position  of  the  roll  in  the  tooth  form. 
The  geometry  of  this  case  is  shown  in  Figure  7. 


Setting  Tq  *■  T  =  T  and  solving  the  resulting  expression  simul¬ 
taneously  with  equation  (20)  for  T  j  ,  substitution  of  this  value  into  equa  - 
tion  (2  1)  gives  the  requisite  tooth  tip  thickness.  Alter  some  manipulation 
it  is  found  that 
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3.7  Measurement  Over  Rolls 


3.7.1  Internal  Gear 

In  order  to  obtain  the  measurement  over  rolls  for  an  internal,  it 
is  necessary  to  determine  the  position  of  the  roll  in  the  tooth  fo’-m. 
The  geometry  of  this  case  is  shown  in  Figure  7. 


f  igure  7  -  Measurement  of  Rolls 
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W  =  radius  of  the  roll 

-  number  of  teeth  in  internal  gear 
The  roll  rests  in  the  tooth  form  at  a  point  such  that 
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From  the  geometry  of  involutes, 
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When  the  number  of  teeth,  N2,  is  even,  the  measurement  over 
given  by 

M.  =  2  (R  -  W) 


(25) 

rolls  is 

(26) 


and  when  N2  is  odd,  the  measurement  is 


M  =  2  j  R  cos  -  -  W 
1  1  2N2 


(27) 


3,7.2  Kxte  rnal  Gear 

The  analysis  for  the  external  tooth  form  is  similar  to  that  tor  the 
internal  tooth,  0  he  roil  rests  in  the  tooth  form  at  a  point  such  that 
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It  follows  that 
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bl 
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When  the  number  of  teeth.  Kj 


is  even,  the  measurement  over  rolls  is 


M  =  2  (R  +  W)  (30) 
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and  when  Nj  is  odd,  the  measurement  is 


M  =  2  |R  cos - -  1  W  ' 
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4  0  NUMERICAL  EVALUATION 

The  relationships  derived  in  Section  3  have  been  programmed 
for  numerical  evaluation  on  the  Research  Lauoraiory  !s  G-20  Digital 
Computer.  The  computer  routine  searches  the  domain  of  admissible 
gear  proportions,  imposing  the  conditions  that  maximum  operating 
efficiency  and  minimum  interference  exist,  and  arrives  at  a  single  pair 
of  radii  representing  trie  optimum  gear  proportions  The  base  iaJ;i, 
the  number  of  teeth  on  each  gear,  the  center  distance  and  the  operating 
pressure  angle  are  given,  and  serve  as  inputs  to  the  computer  program. 

The  numerical  method  for  obtaining  optimum  ge;  r  proportion  is 
iterative.  An  initial  value  for  the  contact  ratio  is  selected  auu  the 
equation 
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is  applied  to  obtain  the  outside  radius  of  the  external  gear  which  yields 


the  maximum  eiiieiency  for  the  give n  contact  ratio 
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ricrciivt  is  obtained.  This  is  the  radius  It  j  which 
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given  by 


is  computed.  If  the  relative  error 

/ 

m 

P 

is  sufficiently  small,  R  ,  IF  are  retained  as  the  optimum  gear  propor¬ 
tions.  If  t  >  10-4,  then  the  new  value  rrip  replaces  nip  and  the  equations 
are  evaluated  again. 

Having  the  radii  RQ  and  R.j,  equation  (23)  is  evaluated  directly 
to  obtain  the  tip  thickness,  T.  Finally,  the  measurement  over  rolls  is 
calculated  by  choosing  the  appropriate  formulas  in  Sections  3.7.1 
and  3.7.2. 
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